Hence, our knowledge of catalytic RNA three-dimenconserved purines in the ribozyme's catalytic pocket sional structures has been greatly improved in the last (G-5 and A-6). We observe several interactions with 5 years. functional groups on these residues that have been Our understanding of the relationship between the identified as critical for ribozyme activity by biochemistructure of catalytically active RNAs and their function cal analyses but whose role has defied explanation in (i.e., catalytic activity) remains more conjectural. The terms of previous structural analyses. These interachammerhead ribozyme is still the only ribozyme whose tions may therefore be relevant to the hammerhead catalytic activity has been characterized in terms of ribozyme reaction mechanism. way that serves to form the catalytic pocket and position
The initial state structures of the hammerhead riboexperiment could not reveal the force driving the conformational change, nor did it illuminate the roles of conzyme revealed that the scissile phosphate was in a conformation that was not compatible with the known S N 2(P) served bases in the catalytic pocket. Rather, it simply revealed how the ribozyme rearranged its conformation or "in-line" attack mechanism of cleavage, in which the 2Ј-oxygen, the attacking nucleophile, is required to be from that of the initial state structure to one allowing the required in-line attack to occur. in line with the phosphorus atom and the 5Ј-oxygen leaving group. In terms of a recently proposed fractional
The principle of microscopic reversibility (Levine and Bernstein, 1987) states that the mechanisms for forward "in-line fitness" parameter (Soukup and Breaker, 1999), the initial state conformation of the scissile phosphate and back reactions in a simple reaction equilibrium must be identical. Therefore, the catalytic mechanism of the is quite incompatible (F ϭ 0.05/1.0) with the S N 2(P) mechanism. Hence, a conformational change that brings the hammerhead ribozyme cleavage and ligation reactions must be the same, meaning that the sequence of events scissile phosphate into a conformation more amenable to an in-line attack must take place for catalysis to occur.
for the reverse reaction should be indistinguishable from those of the forward reaction when time is reversed. Using a modified hammerhead RNA that cleaves slowly, we previously captured a conformational interBecause of this, the structure of the enzyme-product complex that forms just subsequent to cleavage of the mediate that is poised to form the in-line transition state (Murray et al., 1998a) . This conformational change inribozyme should be as relevant to the catalytic mechanism as is the structure of the conformational intermedivolved a 7 Å movement of the cleavage site base and ribose in such a way as to bring the 2Ј-oxygen attacking ate that forms just prior to cleavage. Although the self-cleavage reaction proceeds in crystals of the hammerhead ribozyme, allowing conformational under preequilibrium and pre-steady-state conditions and to be observed (Murray et al., 1998a) . The conformaintermediates to be trapped and observed, the structure of the enzyme-product complex that forms subsequent tional change that we observed permitted us to suggest to cleavage but prior to dissociation has never been done using the conventional residual difference Fourier observed. Upon cleavage, crystals of the hammerhead procedure, making interpretation of omit maps for ribozyme become disordered and the quality of X-ray the purpose of identifying unknown structural elements diffraction deteriorates, thereby frustrating attempts to or conformational changes much more reliable and obtain the crystal structure of the enzyme-product comstraightforward. plex (Scott et al., 1996) 
S., unpublished data). this approach suffers from the fact that the phases are
We collected monochromatic X-ray cryocrystallosimply those of the nonomitted region of the structure.
graphic data sets to 3 Å resolution on 12 hammerhead Consequently, the difference electron density that apribozyme crystals containing various quantities of subpears for the omitted region tends to be somewhat destrate and inhibitor after the cleavage reactions were graded in quality. Coupled with the partial occupancy allowed to go to completion. The data were collected of the cleaved structure, this has in practice made interon a 2K CCD at Beamline X12C at Brookhaven National pretation of standard omit-difference Fouriers rather difLaboratory National Synchrotron Light Source. Subseficult if comparatively large portions of the molecule quently, these frozen crystals were transported back to change between the initial and final states of the rethe laboratory and assayed for extent of cleavage using action.
HPLC as described previously (Murray et al., 1998a). Because of the limitations of conventional residual
The crystal having the greatest extent of cleavage that difference Fouriers, we have turned to a previously deyielded processable X-ray diffraction data had underveloped technique that is based upon a formal analogy gone 60% cleavage (as assayed by HPLC UV abthat can be made between the omit-map imaging procesorbance integration, as shown in Figure . Briefly, the part of the X-ray diffraction pattern was cleaved, produced X-ray data of good quality after generated by the known or nonomitted part of the struchaving been subjected to the same cleavage conditions. ture is analogous to the "reference wave" in laser hologThe X-ray data for these crystals were refined against raphy and that corresponding to the unknown or omitted the previously determined initial state structure in this part is analogous to the "object wave." By exploiting crystal form, and the resulting model was used to generthis analogy together with the constraint of maintaining ate the initial phase set for electron density map calculathe positivity of the electron density, highly reliable imtion in XPLOR 3.8 and EDEN (see below and Table 1 ). ages of the entire molecule of the hammerhead ribozyme can be generated using less than one-fourth of the moleHammerhead Ribozyme Electron Density cule to calculate the reference wave, as a test case. This Reconstruction Using the X-Ray result is consistent with several previous applications of Holographic Procedure the X-ray holographic methodology (Somoza et al., Because conventional residual difference Fourier tech-1995, 1997; Szö ke et al., 1997a, 1997b; Szö ke, 1998).
niques rely exclusively upon the phases of the known The phasing potential of the known part of the molecule is thus employed much more efficiently than can be part of a structure, their utility for imaging structural Szö ke et al., 1997a, 1997b) with the corresponding hammerhead ribozyme data set. By using less than oneOne such procedure, termed X-ray holography, uses the known part of the structure to calculate a "reference fourth of the molecule to calculate the "reference" wave as a test case, we were able to recover interpretable wave" and treats the remaining components of the observed X-ray structure factors as an "object wave," in electron density for the entire molecule, a result consistent with previous tests of the procedure (Somoza et analogy with laser holography.
al., 1995, 1997; Szö ke et al., 1997a, 1997b; Szö ke, 1998). The phasing potential of the known part of the molecule is thus employed much more efficiently than can be done using the standard residual difference Fourier procedure. We reasoned that if electron density maps generated in EDEN using less than one-fourth of this positive control structure revealed interpretable density for the entire molecule, then EDEN should be powerful enough to detect fairly large-scale changes that take place in crystals of the hammerhead ribozyme subsequent to partial cleavage, given coordinates for the uncleaved molecule and the unchanged parts of the cleaved molecule.
Crystal Structure of the Hammerhead Ribozyme-Product Complex
The X-ray holographic procedure has enabled us to detect and visualize a significant conformational rearrangement of the cleavage site base in the cleaved hammerhead RNA structure relative to the initial state structure, as is illustrated in Figures 3, 4 , and 5. The (Hammond, 1955) . The hammerhead ribozyme cleavage reaction is somewhat endothermic but is spontaneous because of a large entropy gain realized upon cleavage (Hertel and Uhlenbeck, 1995). As a simple approximation, the enthalpic penalty paid in product formation is likely due to the formation of the cyclic phosphate, and the entropy gain that offsets this penalty arises primarily from relaxation of the enzyme-product complex subsequent to cleavage, and dissociation of the cleavage products from the enzyme strand of the ribozyme (as well as an Rln2 contribution from the production of two product strands from one substrate strand). This analysis permits us to suggest that some of the interactions observed in the enzyme-product complex may resemble those that occur in the transition state. Indeed, the most obvious manifestation of this possible. In this sense, a reaction mechanism requiring direct involvement of the critical functional groups conWhat is less clear is the role of the remaining conserved bases that augment Stem II (or the residues that tained in the catalytic pocket is particularly appealing. However, it must be pointed out that our proposal that compose domain II) in catalysis. It is clear that these residues are critical for forming the proper fold of the the interactions that we observe in the enzyme-product complex are relevant to the transition state, even in the hammerhead ribozyme as has been discussed previously (Pley et al., 1994; Scott et al., 1995) by the crystal lattice and the lack of a strict requirement apparently tighter binding of a metal ion coordinated to for a metal ion, the 20 Å rearrangement required by this the A-9-phosphate. We have also observed conformametal-dependent mechanism is hard to reconcile with tional heterogeneity in this region in two crystallographiour current and previous results. This hypothesized concally independent molecules of the initial state structure formational change can also be shown to contradict in a different crystal form (Scott et al., 1995 Comparison of the solution NMR spectra of a cleaved region, as this would involve refinement of a much larger and uncleaved form of the hammerhead ribozyme indiset of parameters against the same number of measurecates that a significant structural change in the core ments, making identification of small differences unreliregion of the ribozyme takes place after cleavage (Siable. Therefore, we are unable to provide any new insight morre et al., 1997). The strongest evidence for this is into the catalytic role (if any) of the conserved nucleothe emergence of an NOE upon cleavage that indicates tides augmenting Stem II, as any such changes are small base pairing between U-4 of the catalytic pocket and in magnitude compared to that observed for the cleav-U-7. These residues are about 10 Å apart in the initial age site nucleotide (C-17). state crystal structures; consequently, a significant conIn any case, we now have structures of the hammerformational change must take place in solution subsehead ribozyme at several points on the self-cleavage quent to cleavage. Although we have not observed a reaction pathway. These include the initial state hamdirect interaction between U-4 and U-7, it must be remerhead structures, with both active and noncleaving membered that in the case of the crystal structure of or slowly cleaving substrates, all of which are essentially the hammerhead ribozyme-product complex, the crystal identical, as well as two freeze-trapped intermediate lattice has most likely trapped the cleaved RNA in a conformations that form prior to catalysis, and now the conformation that precedes formation of that observed structure of the enzyme-product complex. Choosing the in solution. Molecular dynamics calculations performed initial state structure, the later conformational intermediwith the initial state crystal structure but augmented by ate structure, and the ribozyme-product complex structhe NMR data appear to indicate that G-5 is brought ture, we can represent the rather dramatic reaction concloser to the cleavage site nucleotide (Simorre et al., formational dynamics with three superimposed structures 1997). From the perspective of the crystal structure, as shown in Figure 6 . the cleavage site nucleotide is brought closer to G-5, In summary, the structure of the hammerhead riboperhaps in a way that is consistent with these NMRzyme enzyme-product complex, together with that of based predictions. In any case, the two sets of experithe conformational intermediate captured prior to cleavments are in agreement that a significant conformational age (Murray et al., 1998a) 
